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Abstract—In future low voltage grids, with multiple inverter
interfaced sources connected, voltage regulation may become
a necessary task. The potential exists for inverter interfaced
sources to be deployed to regulate the voltage at the point of
common coupling (PCC) of each inverter interfaced sources.
The PCC voltage regulation is attainable with inverter interfaced
sources by dynamically controlling the amount of reactive power
injected to the power distribution grid by individual systems.
In the current research, a closed-loop controller is proposed to
regulate the PCC voltage of a solar photovoltaic (PV) system
that is connected to a single-phase power distribution feeder
(with R to X ratio greater than 1). The plant model of the PCC
voltage controller of the PV system is derived considering both
reactance and resistance of the network to which the PV system is
connected. Three different compensators are evaluated to identify
a suitable compensator for the closed-loop PCC voltage controller
to regulate the PCC voltage at a given reference voltage.
Simulation studies and experimental verification confirm that
the theoretical approach taken to derive the control plant model
of the PCC voltage controller is accurate and the procedure that
is followed to design the controller is robust. The control design
procedures illustrated in the current research leads to a PCC
voltage control system with acceptable dynamic and steady state
performance.
Index Terms—Voltage control, photovoltaic systems, modelling,
voltage source converter.

I. I NTRODUCTION
Large numbers of small scale solar photovoltaic (PV) systems (0-10 kW) are being connected to the distribution level
of the power grid due to fundamental changes in policies of
governments and electricity utilities towards sustainable and
environmentally friendly electrical power generation technologies. PV systems are integrated to the power grid via power
electronic converters. With the increased number of gridconnected PV systems, ancillary services that can be obtained
from PV systems by controlling power electronic converters
are becoming a topic of discussion among researchers. The
network voltage control by individual PV systems is such an
ancillary service that is being discussed in the literature [1]–[4]
and that is further explored in the current research.
This work is supported by the Australian Research Council (ARC) and
Essential Energy Linkage Grant LP100100618.

PV systems are mostly integrated to the power grid via
voltage source converters (VSC) [5], [6]. A VSC is capable
of operating in all four quadrants. Theoretically, the voltage
at the point of common coupling (PCC) of a grid-connected
VSC can be dynamically regulated by controlling the reactive
power injected/absorbed by the VSC to/from the power grid.
Therefore the capability of a PV system that is integrated to the
grid via a VSC to regulate the network voltage would enable
the PV system to be utilised as a dynamic voltage regulator
in the network at all times.
The sensitivity of the PCC voltage of a grid-connected
PV system to active and reactive power is a function of the
network impedance that is seen by the PV system at the
PCC [7]. The R/X ratio of a low voltage distribution grid is
generally greater than 1. Therefore the PCC voltage of a PV
system that is connected to the distribution grid is sensitive to
both active and reactive power injected to the grid by the PV
system. As a result, if a PCC voltage controller is designed for
a PV system connected to the distribution grid, both network
reactance and resistance should be taken into consideration.
However in the published literature, less attention has been
given for developing a PCC voltage controller for a PV system
connected to the power distribution grid while providing
detailed design guidelines.
In order to regulate the PCC voltage of a PV system at a
given reference voltage by controlling the amount of reactive
power injected to the grid by the PV system, a closed-loop
controller is needed. Further, to select a suitable compensator
for the controller and tuning the controller to obtain the desired
response, the dynamics of the control plant of the PCC voltage
controller should also be known. Therefore, in the current
research, a control plant model of the PCC voltage controller
of a PV system, that is integrated to a single-phase power
distribution grid via a VSC, is first derived. Both reactance and
resistance of the power distribution grid are taken into consideration in deriving the plant model. A closed-loop controller
is proposed to regulate the PCC voltage at a given reference
voltage. Further, a suitable compensator for the closed-loop
PCC voltage controller is also identified among three different
compensators that are evaluated. The results of simulation
studies performed with integrating the developed controller to
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the simulation model of the grid-connected single-phase PV
system modelled in [8] are presented to verify the accuracy
of the developed PCC voltage controller. Further, simulation
results are verified with laboratory experiments.
In the current research, while designing the PCC voltage
controller for a PV system, only a single-phase PV system that
is connected to the power distribution grid is considered. The
effects of the dynamic behaviour of loads and other inverter
interfaced sources connected to the power distribution grid on
the performance of the designed PCC voltage controller are not
considered. Analysing the performance of the designed PCC
voltage controller in the presence of dynamics in the power
distribution grid is out of the scope of the current research.
Such analysis will be performed while extending the research
work presented in this paper.
This paper is organised in the following format. In Section II, the model of the distribution feeder that is considered
in designing the PCC voltage controller is described. The
requirement for decoupling and the technique used for decoupling the PCC voltage controller and the DC-link voltage
controller of the PV system are discussed in Section III. In
Section IV the derivation of the control plant model of the
PV system is presented. Finally, in Section V, the proposed
closed-loop PCC voltage controller is explained while identifying a suitable compensator for the controller. In Section VI
the performance of the designed PCC voltage controller is
verified with experimental results and conclusions are given
in Section VII.
II. S IMPLIFIED MODEL OF A DISTRIBUTION FEEDER
A PV system that is interfaced to the power distribution grid
via a VSC is considered in developing the PCC voltage controller. The effects of the dynamic behavior of loads and other
inverter interfaced sources connected to the power distribution
grid are not considered while designing the controller. The
model of the distribution feeder considered while designing
the PCC voltage controller is shown in Fig. 1. The low voltage
grid is modelled with an equivalent Thévenin voltage source
and a series impedance Xt . The instantaneous voltage of the
Thévenin voltage source is vs . If the impedances of high and
medium voltage lines and transformers are assumed negligible,
the equivalent impedance of the grid, Xt is the reactance of
the distribution transformer. The distribution feeder and the
service lines are modelled as a series resistance (Rl ) and
reactive (Xl ) impedance.
The PV system is connected to the power distribution grid
via an LCL filter which is a part of the PV system. The LCL
filter is represented as a reactance Xf in Fig. 1. The PV system

is considered to inject a real power of Pg and a reactive power
of Qg which corresponds to a current ig into the PCC. The
instantaneous voltage at the PCC is vg .
The reference impedance for low voltage public supply
systems given in [9] for electrical apparatus testing purposes
is used to model the power distribution grid. Therefore in
the simplified model of the single-phase power distribution
feeder shown in Fig. 1, RT + jXT = (0.4 + j0.25) Ω where
RT = Rl and XT = (Xl + Xt ). Hence the ratio, RT /XT
is approximately 1.6 for the considered network to which the
PV system is connected.
III. D ECOUPLING OF CONTROLLERS
An expression for the PCC voltage rise, ∆V where ∆V =
Vg − Vs (Vg and Vs are the rms values of vg and vs in Fig. 1
respectively), when the PV system is injecting Pg and Qg to
the grid, can be derived as given in (1) [7] using Fig. 1.
∆V =

Pg RT + Qg XT
Vg

(1)

The active power injected to the grid by the PV system is
controlled by the DC-link voltage controller [8]. As proposed
in the current research, the PCC voltage controller is designed
to regulate the PCC voltage by controlling the reactive power
injected to (or in fact absorbed from) the grid by the PV
system. As per (1), the PCC voltage, Vg is sensitive to both
active and reactive power injected to the grid by the PV system
since the ratio R/X of the considered grid is greater than 1. As
a result, the DC-link voltage controller and the PCC voltage
controller are dynamically coupled. Thus, there should be a
decoupling mechanism for the DC-link voltage controller and
the PCC voltage controller of the PV system to avoid any
dynamic interactions between the controllers.
The PCC voltage controller and the DC-link voltage controller can be dynamically decoupled if the grid impedance
is measured or estimated [10]. In order to decouple the
controllers in this manner, an algorithm to measure or estimate
the grid impedance should be built into the controller. Another
way of decoupling the controllers is to make the response time
of one controller relatively larger than the response time of
the other controller [11]. With the difference in the response
times of the two controllers, the dynamics can be decoupled. A
first-order lag element can be applied to change the response
time of controllers [12]. Alternatively if the controllers are
closed-loop control systems, the desired response time can be
obtained by tuning compensators if applicable. Since there is
no algorithm to measure or estimate the grid impedance built
into the controller of the PV system that is modelled in [8]
the latter decoupling technique that makes the response of one
controller relatively slower than the response time of the other
controller is used for decoupling purposes.
In order to decouple two dynamic systems, 2–10 times
difference in the response times of the dynamic systems is
adequate [11]. Therefore in the grid-connected PV system
shown in Fig. 1, the PCC voltage controller is made ten times
slower than the DC-link voltage controller in order to decouple
the dynamics of the two controllers.
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IV. C ONTROL PLANT MODEL OF THE PCC VOLTAGE
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In grid-connected PV systems a phase-locked-loop (PLL)
is used to find the phase angle and the magnitude of the
PCC voltage. The response time of the PLL is relatively short
compared to that of the DC-link voltage controller [8]. Since
the PCC voltage controller is made even slower than the DClink voltage controller to decouple the dynamics between two
controllers, the dynamics of the PLL are ignored in deriving
the control plant model. Therefore the angle deviations of
the PCC voltage due to reactive power injection in order to
regulate the PCC voltage can be disregarded while considering
only the PCC voltage magnitude deviations due to reactive
power injection to the grid by the PV system.
From Fig. 1,
dig
+ RT ig .
(2)
dt
In (2), LT = XT /ω where ω is the nominal power frequency. A small perturbation around an operating point of the
PV system where the PCC voltage controller is in the transient
phase of regulating the PCC voltage at a given reference
voltage is considered. With an increase in the reactive current
absorbed by the PV system, (2) is modified as in (3) where
∆ig is the change in reactive current and ∆vg is the deviation
of vg resulting from ∆ig .
vg − vs = LT

d
(ig + ∆ig ) + RT (ig + ∆ig ) (3)
dt
The large and small signal components of (3) can be
separated. Hence,
vg − ∆vg − vs = LT

d
(∆ig ) + RT (∆ig ).
(4)
dt
If the variables of (4) are expressed in the exponential form,
assuming vg and −∆vg are in phase since the PLL of the
controller of the PV system acts faster than the PCC voltage
controller, then,
−∆vg = LT

Fig. 2.

Control block diagram of the PCC voltage controller.

V. C ONTROL OF THE PCC VOLTAGE WITH A DYNAMIC
REACTIVE POWER CONTROLLER

The design of the PCC voltage controller is described in this
section. Three different types of compensators are taken into
consideration for designing the controller. The control plant
model of the PCC voltage controller is used for designing and
tuning compensators where applicable.
The proposed closed-loop PCC voltage controller is shown
in Fig. 2, where the error signal ek is the difference in the magnitude of the reference PCC voltage Vgm0 and the magnitude
of the measured PCC voltage Vgm , Gcc (s) is the closed-loop
current controller of the PV system and finally GVg (s) is the
control plant model of the PCC voltage controller. Qref , Iqref
and Igq are the reactive power reference, the magnitude of the
reactive current reference and the magnitude of the reactive
current injected to the grid respectively.
The response time for the DC-link voltage controller of
the PV system is longer than that of the current controller
[8]. Further, the PCC voltage controller should be made
slower than the DC-link voltage controller to decouple the two
controllers. Hence, the dynamics of the current controller can
be disregarded assuming Gcc (s) = 1 when designing the PCC
voltage controller. In Fig. 2, only the peak reactive current
Igq is shown as the output of Gcc (s) since the PCC voltage is
controlled by regulating Igq or the reactive power Qg injected
to the grid. But in the actual current controller of the PV
system that is developed in the stationary reference frame with
a proportional resonant (PR) regulator, both active and reactive
current are controlled by one controller [8].
A. PCC Voltage Controller - With a Proportional Gain

π
π
d
−∆Vgm ejωt = LT (∆Igq ej(ωt− 2 ) ) + RT (∆Igq ej(ωt− 2 ) ),
dt
(5)
where ∆Vgm is the magnitude of ∆vg , ωt is the phase
angle of vg and ∆Igq is the magnitude of ∆ig . Simplifying
(5) further leads to (6).

d
(∆Igq ) + ωLT ∆Igq − jRT ∆Igq (6)
dt
Separating real and imaginary components of (6) and considering only the real components leads to (7).
−∆Vgm = −jLT

∆Vgm = −ωLT ∆Igq ,

(7)

The Laplace transformation of (7) leads to the plant model
of the PCC voltage controller that is given in (8).
GVg (s) =

∆Vgm (s)
= −ωLT
∆Igq (s)

(8)

The PCC voltage controller is first evaluated with only a
proportional gain as the compensator in the controller. The
closed-loop transfer function of the PCC voltage controller
with a proportional gain is purely a gain since the plant model
of the PCC voltage controller that is given in (8) is only a gain.
Therefore, the PCC voltage controller cannot be made slower
than the DC-link voltage controller (the transfer function of
the closed-loop DC-link voltage controller of the PV system is
given by (9) [8]) using only a proportional gain in the control
loop.
GVdc cl (s) =

1
0.02s + 1

(9)

Furthermore, as there is no integrator in the plant model for
the PCC voltage derived in (8), zero steady-state error cannot
be achieved with only a proportional gain. Therefore, the PCC
voltage controller with a proportional gain as the compensator,
is not suitable for regulating the PCC voltage.
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B. PCC Voltage Controller - With a Proportional Gain and a
First-Order Lag Element
In this section, the PCC voltage controller is evaluated using
a combination of a proportional gain, kpb and a first-order lag
element, Gd (s) as the compensator in the control loop of the
PCC voltage controller. Gd (s) is given in (10) where τd is its
time constant.
1
(10)
Gd (s) =
τd s + 1
The closed-loop transfer function of the PCC voltage controller with kpb and Gd (s) in the control loop, is given in
(11).
2kpb Gd (s)GVg (s)
GVg clpd (s) =
(11)
Vgm0 + 2kpb Gd (s)GVg (s)
Equation (11) can be simplified as,


Kpb

GVg clpd (s) =
Kpb + 1
where,
Kpb =

1


τd
Kpb +1

,

(12)

s+1

2kpb GVg (s)
.
Vgm0

The DC gain of (12) cannot be made equal to unity. Therefore, a steady-state error exists in the PCC voltage controller
with a proportional gain and a first-order lag element. If the
steady-state error is designed to be 10%,
Kpb
= 0.9, Kpb = 9 and kpb = −6235.
Kpb + 1
Equation (12) is a first-order lag element with a DC gain.
Hence the desired response time of the PCC voltage controller
can be achieved by placing the pole of (12) appropriately. As
per (9), the time constant of the DC-link voltage controller
of the PV system, GVdc cl (s) is 0.02 s. Therefore, in order
to make the response time of the PCC voltage controller ten
times larger than the DC-link voltage controller,
τd
= 0.2 and τd = 2.
Kpb + 1
The step response of (12) for 10% steady-state error is
shown in Fig. 3.
The performance of the PCC voltage controller, with a proportional gain and a first-order lag element has been evaluated
with the simulation model of the PV system modelled in [8].
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Fig. 4. PCC voltage variation-PCC voltage controller with a proportional
gain and a first-order lag element.

√
The PCC voltage reference was set as Vgm0 = 245 2 V in
the controller. The calculated values for kpb and τd were used
in the simulation study and the results are shown in Fig. 4. In
the simulation, initially the PCC voltage controller was not enabled and the rms value of the PCC voltage was approximately
248 V. At time t = 0.5 s, the PCC voltage controller was
enabled. As shown in Fig. 4, the designed controller has been
able to regulate the PCC voltage approximately at 245.5 V.
In the simulation, the steady-state of the PCC voltage has
been reached approximately within 1 s after the PCC voltage
controller was enabled. Since the time constant of (12) is 0.2 s,
the steady-state PCC voltage has been reached within five time
constants. This observation confirms the accuracy of the plant
model of the PCC voltage controller that was derived.
C. PCC Voltage Controller - With a Proportional Gain and
an Integrator
A zero steady-state error can be achieved by the PCC
voltage controller only if the open-loop transfer function of
the controller contains at least a pole that is closer to the
origin. In order to place a pole that is closer to the origin in
the open-loop transfer function of the PCC voltage controller,
an integrator with a scalar can be used as the compensator
shown in Fig. 2. The closed-loop transfer function of the PCC
voltage controller with a scaled integrator as the compensator
can be derived as,
GVg

cli (s)

=

2kpc GVg (s)
,
Vgm0 s + 2kpc GVg (s)

(13)

where kpc is the scalar of the integrator. Equation (13) can be
simplified as,
GVg

cli (s)

=

1
,
Kpc s + 1

where,
Kpc =

Vgm0
.
2kpc GVg (s)

(14)
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The pole of GVg cli (s) is selected as one tenth of the pole
of GVdc cl in (9). Therefore,
Kpc = 0.2 and kpc = −3465.
The pole-zero plot of (14) (the pole is labelled as PVg cli )
with the reference grid impedance and when kpc = −3465
is shown in Fig. 5. The location of the pole of the DC-link
voltage controller (labelled as PVdc cl ) as given in (9) is also
shown in Fig. 5.
The performance of the PCC voltage controller is evaluated
with the simulation model of the PV system. The PCC voltage
√
reference of the controller was set as Vgm0 = 245 2 V.
Simulation results are shown in Fig. 6. Initially, the PCC
voltage controller was not enabled and at t = 0.5 s the
controller was enabled. As shown in Fig. 6(a), the controller is
able to regulate the PCC voltage at the reference voltage. The
steady-state value has been reached within 1 s. Since the PCC
voltage controller with a scaled integrator is capable of driving
the steady-state error to zero while effectively decoupling the
PCC voltage controller and the DC-link voltage controller, a
scaled integrator is a suitable compensator for the PCC voltage
controller.

A picture of a part of the experimental setup.

VI. E XPERIMENTAL R ESULTS
The experimental verification of the PCC voltage controller
that is implemented with a scaled integrator (and described in
Section V-C) are provided in this section. The practical results
were obtained with an experimental setup of a grid-connected
single-phase, two-stage photovoltaic system established in the
laboratory. A simplified block diagram of the established
experimental setup is given in Fig. 7 and a picture of a part of
the experimental setup is shown in Fig. 8. In [8] the simulation
model of the implemented experimental setup can be found.
In the experimental setup, the power distribution grid was
simulated with an electronic power source that is connected
in series with an impedance. California Instruments MX30
AC and DC power source in combination with OMNI 3 − 75
impedance bank was used to simulate the power distribution
grid. The impedance of the simulated grid was (0.25 +
j0.25) Ω.
The PCC voltage controller that is illustrated in Fig. 2 was
built into the control system of the experimental PV system.
A scaled integrator was used as the compensator. Since the
plant model of the PCC voltage controller consists only the
reactance of the grid impedance as shown in (8) and the
reactance of the grid impedance as used in the experimental
setup and simulation studies performed in Section V-C are
similar, a gain of -3465 (as calculated in Section V-C) in
combination with an integrator was used as the compensator
of the PCC voltage controller. Though the resistance of the
grid impedance used in the experimental setup and simulation
studies were different, that difference does not have any
significant effect on the controller performance.
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The derived plant model of the PCC voltage controller is
accurate since the dynamics of the designed PCC voltage
controller are predictable.
The proposed dynamic PCC voltage control scheme can be
used to examine potential control interactions that can take
place in multiple PV installations in a low voltage distribution
feeder.
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to the grid (Qg ) [1 kVAr/div], Ch4: current injected to the grid (ig ) [5 A/div].

The experimental results are shown in Fig. 9. The rms
voltage at the PCC of the PV system, Vg , and the amount
of reactive power injected to the grid by the PV system, Qg
were obtained through the controller of the PV system. These
quantities were displayed on an oscilloscope via digital to
analog (D/A) conversion channels. The small ripple that can
be seen in the waveform of Vg is a consequence of a small
DC shift added to the sampled PCC voltage, vg during analog
to digital (A/D) conversion in the controller.
In the experimental results shown in Fig. 9, initially the PCC
voltage controller was inactive and the PV system was injecting a small amount of active power to the grid. In the√PCC
voltage controller the reference voltage was set as 245 2 V.
Before activating the controller Vg was approximately 247.5 V.
As shown in Fig. 9, after activating the controller, steady-state
operation has been reached within about 1 s and Vg decreased
to approximately 245 V. The reactive power absorbed from
the grid increased to 1.75 kVAr from zero and the peak-peak
value of the current injected to the grid, ig increased to 15 A
from an initial value of 2.5 A.
The experimental results shown in Fig. 9 are in good agreement with the simulation results presented in Section V-C.
This demonstrate the accuracy of the plant model of the PCC
voltage controller and the validity of the design procedure
presented in the paper.
VII. C ONCLUSIONS
The proposed closed-loop controller for a PV system that is
connected to the distribution grid is capable of regulating the
point of common coupling (PCC) voltage of the PV system
at a given reference voltage by controlling the amount of
reactive power injected to the grid by the PV system. In order
to accurately regulate the PCC voltage at a given reference,
a suitable compensator should be included in the controller.
Among three different compensators that are evaluated in the
study, the scaled integrator is found as the most suitable
compensator for regulating the PCC voltage of the PV system
at a given reference voltage leading to zero steady-state error.
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